As the amount of waste plastic increases, thermo-chemical conversion of plastics 17 provides an economic flexible and environmental friendly method to manage recycled 18 plastics, and generate valuable materials, such as carbon nanotubes (CNTs). The choice 19 of catalysts and reaction parameters are critical to improving the quantity and quality 20 of CNTs production. In this study, a ceramic membrane catalyst (Ni/Al2O3) was studied 21 to control the CNTs growth, with reaction parameters, including catalytic temperature 22 and Ni content investigated. A fixed two-stage reactor was used for thermal pyrolysis 23 of plastic waste, with the resulting CNTs characterized by various techniques including 24 scanning electronic microscopy (SEM), transmitted electronic microscopy (TEM), 25 temperature programm oxidation (TPO), and X-ray diffraction (XRD). It is observed 26 that different loadings of Ni resulted in the formation of metal particles with various 27 sizes, which in turn governs CNTs production with varying degrees of quantity and 28 quality, with an optimal catalytic temperature at 700 °C .
Introduction
There was more than 4.3 million tonnes plastics waste generated in the UK in 2015 [1] , 32 the disposal of waste plastic causes environmental concerns. Therefore, careful 33 management is needed to minimize the environmental impact of plastic waste. As waste 34 plastic contains a high value of energy, recycle and recovery methods are encouraged 35 compared to landfilling. Thermochemical recycling of waste plastics which converts 36 plastics materials into other valuable materials, refers to an advanced technology 37 process [2] . During this process, hydrogen-rich syngas is generated at high pyrolysis 38 temperature (>800 °C) or gasification of waste plastics. For example, Erkiaga et al. [3] 39 generated a syngas stream rich in H2 from pyrolysis of plastic waste (high density 40 polyethylene) with Ni catalysts. Syngas has wide applications, including directly 41 combusted for the production of heat and power, or conversion into liquid fuels through 42
Fishcher-Tropsch process [4] . Recently, co-production of carbon nanotubes (CNTs) 43 from pyrolysis or gasification of waste plastics has also attracted interest. CNTs were 44 first introduced in 1952, and further inspired by Iijima [5, 6] . CNTs have extraordinary 45
properties, including high mechanical strength, good electrical and thermal 46 conductivity, and there promising potential applications. However, the high price(~$85-95/kg) has significantly prohibited the applications of CNTs [7] . Converting 48 plastic waste to CNTs provides a promising alternative and economic flexible method 49 to generate such high valuable material.
to produce CNTs from plastics, due to its simplicity and low cost. This method used 52 hydrocarbon gases as carbon sources and catalysts particles to nucleate the CNTs 53 growth [8] . For example, Park et al. [9] optimized operation conditions with Ru-based 54 diameter of 20-30 nm and inner diameter about 10 nm have been successfully produced.
Furthermore, many researchers are working on catalyst development to improve the 75 quality of CNTs [13, [20] [21] [22] [23] [24] . 76
Recently, membrane supported catalysts have emerged, and can be used as a template 77
for CNTs growth to control parameters such as diameter, length, and wall thickness 78
[25]. For example, Golshadi et al. [25] investigated the influence of process parameters 79 (temperature and flow rate) on the CNTs formation (tube wall thickness, CNTs 80 morphology and carbon deposition rate) using anodic aluminum oxidize (AAO) 81 template. It was reported that the yield and wall thickness of the produced CNTs were 82 increased with the increase of reaction temperature to 750 °C; however, further 83 increasing the temperature resulted in a lower production of CNTs. In addition an 84 optimum of gas flow rate was reported for the production of CNTs. Well-aligned CNTs 85 have also been synthesized on glass template from acetylene gas by plasma-enhanced 86 CVD process [26] . Zeolites have also been employed as controlling agents during CNTs 87 growth [27] . 88
According to our previous study, AAO membrane catalysts could be used for 89 controlling and improving the quality of CNTs formation [28] . Ceramic membrane 90 (alumina based) was selected as template in this study. This ceramic membrane was 91 provided by AIMR, Aston University, and the properties were studied in Lee's paper 92
[29]. In Lee's paper, ceramic membrane was reported having micro-channel structure, 93 which was similar to our previous research on AAO membrane [34] . 105
The quality of CNTs can significantly affect and limit their applications. For example, 106
An et al. [35] synthesized CNT composite from the catalytic decomposition of 107 acetylene over Fe/aluminum ceramic catalyst. It was reported that the CNT content 108 increased with the increase of Fe content. The mechanical properties of the produced 109 composite material was also enhanced with the increase of CNTs formation. Flahaut et 110
Experimental 118

Materials preparation 119
High density polyethylene plastics (HDPE) pellets with high purity (~ 90%) and a 120 diameter around 2 mm were provided by Poli Plastic Pellets Ltd. Ceramic membrane 121 used in this study was made of aluminium oxide, and with 1mm thickness and 30mm 122 diameter provided by AIMR, Aston University. The original ceramic membrane 123 preparation and formation method was described in Lee's paper [29] . It is noted that 124 the BET surface area of the membrane is below 10 m (Fig.3) . 186
Carbon nanotubes production 187
Two reaction parameters using ceramic membrane catalysts with different Ni contents 188 loading were investigated in relation to the effect on the CNTs formation from plastics 189 waste. Table 2 Table 2 . 206
In addition, the quality of CNTs production is analysed and discussed mainly based on 207 the distribution of CNTs diameters and their standard deviations. The average diameter 208 of CNTs is calculated according to SEM and TEM results using Image J, and 209 summarized in Table 2 (shown in Fig. S3 ). The standard deviation (SD) number is used 210 as a main factor to identify the quality of CNTs formation in this study. In addition, the 211 ratio of filamentous and amorphous carbon was also discussed in following sections to 212 obtain the optimum reaction parameter for CNTs formation. A better quality of CNTs 213 is identified with a smaller SD number and higher ratio of filamentous and amorphous 214 carbon in this paper. 215
Effect of reaction temperature on CNTs growth 216
The effect of reaction temperature on the growth of CNTs through thermal conversion 217 from HDPE using Ni/ceramic catalysts is discussed in this section. Three different 218 reaction temperatures (600°C, 700°C and 800°C) were investigated using the 0.5/ 219 ceramic catalyst. Scanning electron microscope (SEM), transmitted electronsmall amount of uninform, short filamentous carbons were observed at 600°C (Fig.6A) . 223
CNTs with a diameter around 10 nm and a length around 10 μm is observed at catalytic 224 reaction temperature of 600 °C. This results is similar to literature where Ni/Al2O3 was 225 used for producing CNTs from waste plastics [14] . 226
With the increase of reaction temperature to 700°C (Fig.6B) , a large amount of 227 filamentous carbons with long length are found on the ceramic membrane. However, 228 when the reaction temperature was further increased to 800°C, only a few filamentous 229 carbons could be observed on the surface of the catalyst (Fig.6C) . The SEM results of 230 the reacted catalyst were further supported by TEM analysis (Fig. 6 i-iii) . CNTs with 231 diameter 21.2 5.6 and 16.9 4.3 nm were clearly observed in Fig. 6 i and ii,  232 respectively. It is difficult to find CNTs on the catalyst reacted at 800 °C (Fig.6 iii) . 233 Therefore, it is suggested that 700 °C is an optimal reaction temperature for the 234 formation of CNTs from waste plastics in this work. Similar results were reported by 235
Li et al [40] , who studied various temperatures from 600°C to 1050°C for CNTs 236 production from C2H2 with Fe/SiO2 catalysts. They reported minimal CNTs yield at 237 either low (600°C) or high (1050°C) temperature. 238
This result is further supported by carbon production analysis (Table 2 ). For amorphous 239 carbons (oxidation temperature below 550 °C), the yield was decreased from 2.1 to 1.2 240 wt. %, when the temperature increased from 600 °C to 700 °C. This result is consistent 241 with the SEM analysis (Fig. 6) , where amorphous carbons could be clearly observed onthe reacted catalyst tested at 600 °C. Furthermore, the formation of CNTs was reducedfrom 7.2 wt. % and 1.2 wt. % when the reaction temperature was increased 600°C and 244 (Fig.7) with DCS (Differential Scanning Calorimetry) 245
800°C. DTG-TPO results
showed that the oxidation peak moved to higher temperature with the increase of 246 experimental temperature from 600°C and 700°C, indicating that the CNTs might be 247 more crystalized at 700°C reaction temperature. Similar results were also reported by 248
Hornyak et al. [41], who investigated the template synthesis of CNTs formation on 249
porous alumina membrane (PAM) from propylene gas with Co-based catalysts. They 250 reported that amorphous carbon was formed at around 550°C, while CNTs was formed 251 at temperature higher than 800 for the growth of CNTs from polyethylene with Ni-based catalyst at 700°C; as narrow 280 size distribution of CNTs was found at 700°C than those grown at 800°C, due to the 281 loss of catalytic activity for CNTs forming at high temperature. In this study, it is 282 noticed that there was little CNTs formed at 800 o C (Fig. 6 and 7) , which we attribute to 283 loss of catalytic active sites at high temperature due to sintering As shown in Fig. 6iii,  284 almost no CNTs production could be observed from TEM results. The diameter of NiO 285 particles before reaction was 17.9±4.4 nm (Fig. 4B) , however, large amount of largeOverall, Fig. 8 summarizes the trends of SD of CNTs diameter and ratio of filamentous 288 amorphous carbon as increasing reaction temperature. CNTs show the smallest SD and 289 highest filamentous / amorphous carbon ratio at 700 °C reaction temperature. Therefore, 290 700°C was assumed as the optimum temperature for this study. 291
Effect of Ni content on the production of CNTs 292
In this section, thermochemical conversion of waste HDPE was investigated in the 293 presence of Ni/ceramic catalysts with different Ni contents at 700 o C. Fig.8 showed the 294 SEM results and corresponding TEM results for the filamentous carbon production 295 using the Ni/ceramic catalysts. With the increase of Ni loading, more filamentous 296 carbons could be observed from SEM results. In particular, for the reacted 0.1/ceramic 297 catalyst, the formation of filamentous carbons can be barely found. It is indicated that 298 the 0.1/ceramic and 0.5/ceramic catalysts might have small amount of active metals 299 loaded on the ceramic membrane. TEM results (Fig.8 i-v) further proved that the 300 filaments carbons are mostly CNTs. The average diameter of CNTs (Table 2) nanoparticles with average diameters of 3, 9, and 13nm to grow CNTs with average 318 diameters of 3, 7, and 12 nm from ethylene, respectively. 319
The size of metal particles have also been reported to affect the activity of catalysts and 320 the formation of CNTs [55] [56] [57] [58] [59] [60] . In addition, loading various amounts of metal on 321 catalyst normally results in the formation of catalyst with various metal particle sizes, 322 as obtain in this work, to control the production of CNTs. Daudouin et al. increased the 323
Ni loading from 1.0 wt.% to 18.5 wt.% to increase the catalytic particle sizes from 1.6 324 to 7.3 nm [61] . The diameter of metal particles was increased with the increase of metal 325 loading. In addition, CNTs with larger diameters were produced with the increase of 326 metal loading. However, a maximum diameter of CNTs should be expected, when the 327 loading of metal in the catalyst is too high. For example, Chen et al. [62] referred to an 328 optimally size of catalyst which could produce an optimum growth rate and a high yieldslow growth of CNFs and a fast deactivation of catalyst. However, when the metal 331 particles were larger than 60nm, the rate of CNFs growth was prohibited due to the low 332 surface area of active sites. Danafar et al. [57] studied Fe-Co/Al catalysts with 6 ranges 333 of metal particle sizes to study the influence on the synthesis of CNTs from ethanol. 334
They found that the catalyst with 10-20 µm metal particles produced about 30% higher 335 carbon yield than the catalyst having the largest catalytic particles. It is reported that 336 the catalysts with smaller diameters had larger breaking through capacities during 337 frontal diffusion (shorter diffusion path length). In addition, the catalyst with large 338 metal particle size produced more amorphous carbons and uninform CNTs, as the 339 stability of metal agglomerates decreased with increasing particle sizes. 340
According to Table 2 and DTG-TPO (Fig. 11) content (5% Fe-SiO2) was least active in relation to the production of CNTs, due to the 348 presence of large metal particles. In addition, it was reported that the active catalytic 349 sites was increased to promote catalytic reactions with increasing catalytic metalcatalyst used (Fig. 12) , then slightly decreased to about 4.7 when the catalyst was 353 changed to the 1.0/ceramic. However, the 0.5/ceramic catalyst showed the highest SD 354 number (Fig. 12) . Overall, considering the filamentous/amorphous carbon ratio and SD 355 of CNTs diameter, the 1.0/ceramic catalyst was suggested to be a better candidate for 356
CNTs formation from thermochemical conversion from plastic waste. 
